Marcus NJ, Pügge C, Mediratta J, Schiller AM, Del Rio R, Zucker IH, Schultz HD. Exercise training attenuates chemoreflexmediated reductions of renal blood flow in heart failure. Am J Physiol Heart Circ Physiol 309: H259 -H266, 2015. First published May 18, 2015 doi:10.1152/ajpheart.00268.2015.-In chronic heart failure (CHF), carotid body chemoreceptor (CBC) activity is increased and contributes to increased tonic and hypoxia-evoked elevation in renal sympathetic nerve activity (RSNA). Elevated RSNA and reduced renal perfusion may contribute to development of the cardio-renal syndrome in CHF. Exercise training (EXT) has been shown to abrogate CBC-mediated increases in RSNA in experimental heart failure; however, the effect of EXT on CBC control of renal blood flow (RBF) is undetermined. We hypothesized that CBCs contribute to tonic reductions in RBF in CHF, that stimulation of the CBC with hypoxia would result in exaggerated reductions in RBF, and that these responses would be attenuated with EXT. RBF was measured in CHF-sedentary (SED), CHF-EXT, CHF-carotid body denervation (CBD), and CHF-renal denervation (RDNX) groups. We measured RBF at rest and in response to hypoxia (FI O 2 10%). All animals exhibited similar reductions in ejection fraction and fractional shortening as well as increases in ventricular systolic and diastolic volumes. Resting RBF was lower in CHF-SED (29 Ϯ 2 ml/min) than in CHF-EXT animals (46 Ϯ 2 ml/min, P Ͻ 0.05) or in CHF-CBD animals (42 Ϯ 6 ml/min, P Ͻ 0.05). In CHF-SED, RBF decreased during hypoxia, and this was prevented in CHF-EXT animals. Both CBD and RDNX abolished the RBF response to hypoxia in CHF. Mean arterial pressure increased in response to hypoxia in CHF-SED, but was prevented by EXT, CBD, and RDNX. EXT is effective in attenuating chemoreflex-mediated tonic and hypoxia-evoked reductions in RBF in CHF. heart failure; exercise training; renal blood flow; carotid chemoreflex
REDUCED RENAL FUNCTION IS common in patients with chronic heart failure (CHF) and is associated with poor prognosis and increased mortality rate (2, 4, 8, 15) . Cardio-renal syndrome (CRS) is a general term that refers to a positive feedback loop between cardiac and renal function in which dysfunction in one of these organs precipitates or exacerbates dysfunction in the other. The mechanisms underlying development of CRS are incompletely understood; however, numerous studies indicate that renal hypoperfusion, increased renal sympathetic nerve activity (RSNA), activation of the renin-angiotensin-aldosterone system (RAAS), and alterations in renal redox state play important roles in the pathogenesis of CRS (2, 15) . Thus therapies aimed at reducing sympathetic activation and improving renal perfusion may prove to be beneficial to patient populations at risk for CRS (15, 19) . Accumulating evidence suggests that nonpharmacological therapies such as exercise training (EXT) may result in improved prognosis (1, 21) and that this improvement in part may be attributed to reductions in sympathetic activation (3, 28, 30, 31) .
Previous work from our laboratory and others indicates that carotid body chemoreceptors (CBC) play a significant role in contributing to increased tonic sympathetic outflow to the heart (35) and kidneys in CHF (33, 27) . In addition to these tonic increases in resting SNA, we have previously shown that hypoxic chemoreflex activation results in exaggerated increases in RSNA superimposed on the higher tonic levels of RSNA already present in CHF (33, 27) . We have previously shown that EXT decreases hypoxia-evoked afferent activity from CBCs and decreases hypoxia-evoked increases in RSNA (25) . The extent to which enhanced chemoreflex control of RSNA contributes to alterations in renal perfusion is unknown; however, renal denervation (RDNX) improves renal blood flow (RBF) in CHF, indicating the importance of RSNA to control of RBF in CHF (5) .
Thus the focus of the present studies was to determine the effect of increased tonic CBC activation and augmented chemoreflex sensitivity on RBF under normoxic (baseline) and hypoxic conditions. Furthermore, we sought to determine the therapeutic potential of EXT to improve renal perfusion. We hypothesized that enhanced tonic CBC activation and hypoxicsensitivity contributes to lower resting RBF as well as greater decreases in RBF during hypoxia-evoked CBC activation, and that these alterations are attenuated in EXT animals. Experimental groups. We used a rapid-ventricular pacing model to induce CHF. Animals were randomly assigned to one of four experimental groups: 1) CHF sedentary (CHF-SED, n ϭ 10), 2) CHF exercise training (CHF-EXT, n ϭ 10), 3) CHF carotid body denervation (CHF-CBD, n ϭ 6), and CHF renal denervation (CHF-RDNX, n ϭ 6). All baseline and experimental measurements were obtained from paced animals with the pace maker turned off for at least 30 min before measurement.
General surgical preparation. Adult male New Zealand White rabbits weighing 3.5-4.0 kg were housed in individual cages under controlled temperature and humidity and a 12-h:12-h dark/light cycle and fed standard rabbit chow with water available ad libitum.
Animals were surgically implanted with cardiac pacing electrodes as previously described (32) . Briefly, rabbits were anesthetized with a cocktail of 5.8 mg/kg xylazine, 35 mg/kg ketamine, and 0.01 mg/kg atropine given intramuscularly, intubated, and connected to a small animal anesthesia respiration unit using 2.0 -5.0% inhalation isoflurane with oxygen for the duration of the surgery. With use of the sterile technique, a pressure telemetry unit was implanted into a branch of the femoral artery and advanced into the iliac artery or into the abdominal aorta. A left thoracotomy was performed to implant an electrode on the base of the left ventricle for pacing. The leads of the pacing electrodes were tunneled subcutaneously exiting the skin in the mid-scapular region and fixed on the back. Postoperative analgesia was provided with buprenorphine (Reckitt Benckiser Healthcare, Hull, England, UK; 0.07 mg sc) for the first 24 h and with a cutaneous fentanyl patch for the next 3 days (Apotex, Weston, FL; 25 g/h). Antibiotic therapy was administered over the next 5 days (Baytril; Bayer Health Care, Shawnee Mission, KS; 22.7 mg/day).
Placement of renal flow probe. After ϳ2 wk of recovery a second surgery was performed as previously described (5) to implant a 2-mm ultrasonic flow probe transducer (Transonics, Ithaca, NY; Model 2PSB) on the left renal artery. The flow probe cable was also tunneled beneath the skin and exited in the midscapular region.
Selective renal denervation. At the time of flow probe placement, a group of randomly assigned rabbits underwent unilateral RDNX performed on the left kidney as previously described (5) . All visible neural structures were stripped from the area surrounding the renal artery and vein. Both vessels were cleaned down to the adventitia and up to the hilum of the kidney. Postoperative analgesia was provided with buprenorphine (Reckitt Benckiser Healthcare; 0.07 mg sc) for the first 24 h and with a cutaneous fentanyl patch for the next 3 days (Apotex; 25 g/h). Antibiotic therapy was administered over the next 5 days (Baytril; 22.7 mg/day). Using renal norepinephrine content as an index of RDNX efficacy, we have previously shown that this technique results in reductions in renal norepinephrine content to near zero (5) . For illustrative purposes, in one animal, flow probes were placed on both the right and left renal artery, and RDNX was performed only on the left renal artery.
Experimental measurements. After a 2-wk recovery period from the last surgery, all rabbits went through the experimental protocol for prepace measurements. Before and after induction of CHF, resting mean arterial pressure (MAP), heart rate (HR), and RBF were recorded with the rabbit contained in a Plexiglass chamber in a quiet and dimly lit laboratory. The animal was allowed to acclimate to the environment for ϳ20 min after which time a 60-min segment of data was obtained for calculation of resting values. After resting data was recorded, the gas mixture flowing through the chamber was changed to an equal mix of oxygen and nitrogen with a small amount of CO2 to elicit a rapid reduction in chamber FIO 2 to 10%. The flow rate was maintained at the same level as during the baseline recording, and the exposure was maintained for 5 min, after which time the chamber was returned to the normoxic condition (21% O2).
Induction of chronic heart failure. We used a rapid ventricular pacing model to induce CHF. Using a pacemaker of our own design, we initially began pacing at a rate of 340 beats/min, which was held for 7 days, and then the rate was gradually increased to 380 beats/min, with an increment of 20 beats/min each week, as described in our prior studies (27, 32) . Each rabbit was checked daily to ensure chronic pacing. Rabbits were paced continually for 3 to 4 wk. The progression of CHF was monitored by weekly echocardiograms (Siemens/Acuson Sequoia 512C with a 4-MHz probe; Siemens Medical Solutions, Malvern, PA), with the pacemaker turned off for at least 30 min before the recordings were started. This pacing protocol results in decreases in cardiac contractility and ejection fraction (EF%) and increases in cardiac volume, resting heart rate, and central venous pressure (32) . CHF was characterized by Ͼ35% reduction in EF% and fractional shortening (FS%).
Exercise training regimen. Before the beginning of the EXT regimen, rabbits were exercise tested on a treadmill at a rate of 8 m/min for 5 min and subsequently at a rate of 13 m/min until they were unable to continue. Time to exhaustion was assessed again after the completion of the training program. Exercise training was initiated at the time ventricular pacing began. The EXT protocol was similar to that described previously (10, 25, 26) . In brief, rabbits ran for a 5-min warm-up period at a rate of 8 m/min followed by 20 min at a rate of 13 m/min and a subsequent cool down period of 8 meters/min for 5 min. This was carried out 5 days/wk.
Selective denervation of carotid body chemoreceptors. After 3 to 4 wk of pacing, a subgroup of sedentary rabbits underwent carotid body denervation (CBD) as described previously (27) . Anesthesia was induced with an anesthetic cocktail and maintained with inhalation isoflurane (see thoracotomy above). With the use of the sterile techniques, the carotid sinus regions were exposed and the CBC region visually identified. The CBCs were cryogenically destroyed using a fine-tipped forceps cooled in liquid nitrogen. After surgery, all animals were placed on an antibiotic regimen consisting of 5 mg/kg sc Baytril for 5 days. Rabbits were allowed to recover for 24 h postsurgery before cardiac pacing resumed. All animals were allowed to recover for 3 days postsurgery before any experiments were performed. CBD was confirmed before study by the abolition of an increase in ventilation in response to 10% oxygen inhalation.
Data analysis. All parameters were recorded with a Powerlab data acquisition and analysis system (ADInstruments, Colorado Springs, CO) using LabChart 7 Pro. HR and renal vascular conductance (RVC ϭ RBF/MAP) were calculated and displayed continuously by LabChart from the RBF and MAP signals. Resting and chemoreflexevoked RBF, RVC, and MAP responses were measured longitudinally through the course of pacing. Resting values for RBF, MAP, HR, and RVC were quantified by the average of 60 min of data as described in Experimental Measurements.
The change in RBF in response to acute hypoxia was quantified from the mean of 10 s of stable baseline data taken during the 60 s before hypoxia exposure and 10 s of data centered on the nadir value during hypoxia. All records were inspected visually to ensure that aberrant points or artifacts were not identified as the nadir for determination of the change during hypoxia. Values for change in MAP and RVC were taken from the same time point as the nadir value for RBF. All parameters were analyzed by a two-way ANOVA for repeated measures. The student Newman-Keuls procedure was used as the multiple comparison test to determine the significance between groups. All data are expressed as means Ϯ SE. By convention, statistical significance was accepted when the two-tailed critical value of P was less than 0.05.
RESULTS

Effects of EXT, CBD, or RDNX on cardiac function and time to exhaustion.
Mean data for cardiac function and ventricular volumes are displayed in Table 1 . No significant differences were noted between groups for EF%, FS%, left ventricular systolic (LVs Vol), and left ventricular diastolic (LVd Vol) before pacing. After 3 to 4 wk of pacing EF% and FS% were reduced to similar levels in all groups (Table 1 ). In addition, we observed increased LVs Vol and LVd Vol dimensions in all groups ( Table 1) . None of the interventions (EXT, CBD, or RDNX) affected the degree to which cardiac function declined or ventricular volumes increased with pacing ( Table 1) . The running time to exhaustion was increased from 18 Ϯ 1 min before EXT to 36 Ϯ 3 min in the CHF-EXT rabbits (P Ͻ 0.05).
Effects of EXT, CBD, or RDNX on resting renal hemodynamics. As illustrated in Fig. 1 , resting RBF and RVC were similar among groups before pacing. After pacing, resting RBF and RVC were reduced in the CHF-SED group (P Ͻ 0.05). In stark contrast, EXT prevented the reduction in resting RBF and RVC after pacing. CBD performed after the development of CHF attenuated the reduction in resting RBF and RVC but did not completely normalize it (CHF-SED vs. CHF-CBD, P Ͻ 0.05). RDNX prevented the reduction in RVC with pacing, but had less of an effect on attenuating the reduction of RBF with pacing (CHF-RDNX vs. prepace, P Ͻ 0.05).
MAP was not significantly different among groups before pacing (72 Ϯ 4 mmHg CHF-SED, 77 Ϯ 4 mmHg CHF-EXT, 72 Ϯ 5 mmHg CHF-CBD, 81 Ϯ 3 mmHg CHF-RDNX). After pacing, MAP was not different from prepace values in CHF-SED, CHF-EXT, or CHF-CBD groups, but was lower in the CHF-RDNX group relative to baseline (74 Ϯ 5 mmHg CHF-SED, 71 Ϯ 5 mmHg CHF-EXT, 69 Ϯ 6 mmHg CHF-CBD, 67 Ϯ 5 mmHg CHF-RDNX; P Ͻ 0.05 for RDNX only). Thus the reduction in MAP after pacing in the CHF-RDNX group likely was responsible for the decrease in RBF but not RVC in that group.
Heat rate was not different among groups before pacing (220 Ϯ 7 beats/min CHF-SED, 220 Ϯ 9 beats/min CHF-EXT, 225 Ϯ 6 beats/min CHF-CBD, 238 Ϯ 6 mmHg CHF-RDNX). In the CHF-SED animals, HR (measured at rest with the pacer turned off for 30 min before measurement) increased after pacing (236 Ϯ 8 beat/min CHF-SED vs. 220 Ϯ 7 beats/min prepace, P Ͻ 0.05). In the CHF-EXT animals there was a trend for a reduction in resting HR after pacing; however, this difference did not reach statistical significance (208 Ϯ 9 beats/min CHF-EXT vs. 220 Ϯ 9 beats/min prepace, P ϭ 0.14). HR did not increase in either CHF-CBD (230 Ϯ 10 beats/min CHF-CBD vs. 225 Ϯ 6 beats/min prepace) or CHF-RDNX (246 Ϯ 9 beats/min CHF-RDNX vs. 238 Ϯ 6 beats/min prepace) groups after pacing.
Effects of EXT, CBD, or RDNX on renal hemodynamic response to hypoxia. Representative records illustrating the renal hemodynamic response to hypoxia before and after pac- Values are means Ϯ SE; n ϭ 10 congestive heart failure (CHF)-sedentary (SED) and CHF-exercise training (EXT) and n ϭ 6 CHF-carotid body denervation (CBD) and CHF-renal denervation (RDNX). HR, heart rate. *P Ͻ 0.05 compared with prepace. Fig. 1 . Exercise training prevented reductions in resting renal blood flow (RBF) associated with congestive heart failure (CHF). Mean values for resting RBF and renal vascular conductance (RVC) before and after CHF are shown at left and right, respectively. Baseline RBF and RVC were significantly reduced in CHF-sedentary (SED) animals, and this effect was attenuated by exercise training (EXT). Reductions in RBF and RVC associated with CHF were attenuated after carotid body denervation (CBD). *P Ͻ 0.05 vs. prepace; #P Ͻ 0.05 vs. CHF-SED. RDNX, renal denervation. ing are shown in Fig. 2 . The mean baseline and mean nadir/ peak hypoxia values for RBF, MAP, HR, and RVC are shown in Table 2 , and the mean maximal changes in RBF, MAP, and RVC in response to hypoxia are illustrated in Fig. 3 . Before pacing, there was no significant change in RBF, MAP, RVC, or HR in response to hypoxia (FI O 2 10%) in any of the groups (Fig. 3) .
In the CHF-SED animals, RBF decreased and MAP increased progressively as chamber FI O 2 began to fall (Fig. 2) , and the nadir value for RBF typically occurred within the first 2 min of exposure (although we did not specifically quantify the time course). The peak reductions in RBF and RVC in response to hypoxia in CHF-SED animals were larger than those in the prepace condition ( Fig. 3 , P Ͻ 0.05). The increase in MAP evoked by hypoxia was also larger in CHF-SED than at prepace (Fig. 3 , P Ͻ 0.05). Conversely, in the CHF-EXT animals, the reduction in RBF in response to hypoxia (Fig. 2) was not significantly different from prepace ( Fig. 3, P Ͻ 0.05) . Similarly, in the CHF EXT animals, there were no significant differences in the RVC and MAP responses to hypoxia with pacing.
CBD in CHF animals abolished the decrease in RBF and RVC and the increase in MAP associated with hypoxia exposure in CHF (Fig. 3 and Fig. 4A ). Similarly, RDNX in CHF animals abolished the decrease in RBF and RVC and the increase in MAP associated with hypoxia exposure in CHF (Fig. 3) . For illustrative purposes, in one animal, flow probes were placed on both the right and left renal artery, and RDNX was performed only on the left renal artery (Fig. 4B ). This example illustrates the effect of CHF on the renal hemodynamic response to hypoxia and the role that the renal nerves play in this response. When groups in the CHF state are compared, the reduction in RBF and RVC and the increase in MAP in response to hypoxia were significantly attenuated in the CHF-EXT, CHF-CBD, and CHF-RDNX groups in comparison with the CHF-SED group after pacing ( Fig. 3 , P Ͻ 0.05).
DISCUSSION
The major findings of this study are that EXT prevents tonic and hypoxia-evoked reductions in RBF in CHF rabbits. To confirm that this phenomenon was mediated by changes in CBC control of renal nerves we performed RDNX and CBD in two different subsets of animals that did not undergo EXT. We found that either CBD or RDNX was sufficient to abolish the renal hemodynamic response to hypoxia and the potentiation of that response associated with CHF. These findings underscore the functional significance of our previous studies linking the CBC to control of tonic and hypoxia-evoked RSNA in CHF and the salutary effect of EXT.
Chemoreflex control of renal hemodynamics. Numerous studies in both conscious and anesthetized animals demonstrate that efferent renal sympathetic nerves play an important role in modulating RBF (5, 9, 12, 13, 17, 20, 23, 24) . Electrical stimulation of renal sympathetic nerves produces frequency and amplitude-dependent decreases in total RBF and renal cortical perfusion (17) . Physiological stimuli that elicit activation of renal sympathetic nerves have similar hemodynamic effects. In normal healthy animals, activation of the CBC with moderate hypoxia (10% O 2 ) results in increases in RSNA and modest reductions in total RBF and renal cortical perfusion, with little effect on MAP or HR (9, 20, 24) .
Our previous work has shown that afferent activity from CBC is increased in CHF (32) and that activity contributes to tonic elevations in resting RSNA to the renal vasculature (27) . In addition, we have shown that carotid body afferent responses to hypoxia are exaggerated in CHF and result in exaggerated increases in efferent RSNA (32, 33) . These exaggerated responses are attributable to changes in CBC sensitivity rather than changes in stimulus intensity since we have previously shown that for a given FI O 2 there are no significant differences in Pa O 2 between CHF and control animals (7, 25) . The effect of altered CBC function on control of RBF in CHF has not previously been addressed.
Renal blood flow in heart failure. Clinical studies suggest that RBF is reduced in patients with CHF and that the renal resistance index is an independent predictor of patient outcome and may be useful in stratifying patient's prognosis (4, 8, 15) . Evidence from animal studies supports the notion that RBF is chronically reduced in CHF and shows that RDNX can preserve RBF, inhibit RAAS activation, and preserve renal function (5). The results of the current study confirm the role of renal sympathetic nerves in mediating reductions in resting RVC observed in CHF and further indicate that these decreases are mediated in part by the CBC, because the reductions in resting RVC were attenuated after CBD. Numerous previous studies have characterized the relationship between RSNA and the control of RBF during chemoreceptor stimulation in healthy animals (9, 20, 24) . We have shown that the RSNA response to hypoxia is enhanced in CHF (27, 33) . In this article we show for the first time to our knowledge that the RBF response to hypoxia is exaggerated in CHF. The finding that enhanced chemoreflex sensitivity contributes to tonic and hypoxia-evoked reductions in RBF is of potential clinical significance, because patients with CHF frequently have comorbid sleep disordered breathing of both obstructive and central origin (34, 36) . Our results suggest that the CBC can have a deleterious impact on chronic reductions in RBF with further superimposed periodic reductions in RBF associated with hypoxic apneic events and/or oscillatory breathing. This notion is supported by clinical evidence that preventing sleep disordered breathing in patients with CHF using adaptive servo-ventila- tion results in improvements in several indexes of renal function (36) .
Chronic activation of renal sympathetic nerves, RAAS activation, and renal hypoperfusion have been theorized to be important contributing factors in the development of the cardio-renal syndrome (2). Our study did not specifically address the role of a reduction in RBF on RAAS activation in CHF; however, a previous study showed that CHF is associated with decreased RBF, increased ANG II type 1 receptor (AT 1 R) expression and decreased ANG II Type 2 receptor expression in the kidney and that reducing sympathetic stimulation of the kidney by RDNX prevents these changes (5). Thus our current and previous (5, 25) findings suggest that CBC activation in CHF may contribute to RAAS activation and development of cardio-renal syndrome by increasing RSNA and decreasing RBF.
Exercise training in heart failure. Exercise training has been shown to be efficacious in improving survival and quality of life in patients with CHF (1) . Clinical studies in patient populations as well as animal studies indicate that EXT has profound effects on autonomic function as well as modulating afferent feedback from peripheral cardiovascular reflexes (3, 10, 18, 21, 25, 26, 28, 29, 30, 31) . Previous work from our laboratory indicates that EXT specifically reduces sympathetic outflow to the kidneys in CHF (10, 25) . Furthermore, we have shown that EXT specifically prevents increases in CBC sensitivity that occur with the development of CHF and the attendant chemoreflex-mediated increases in RSNA (25) . Our current results suggest that the effects of EXT on CBC function translate to functional changes in regulation of RBF. Increased CBC control of tonic RBF and hypoxia-evoked changes in RBF in CHF are likely related to blood flow-dependent changes in glomus cell excitability in the carotid bodies (7) .
We have previously shown that reducing carotid body blood flow using vascular occluders is sufficient by itself (in the absence of CHF) to elicit increases in carotid body sensitivity and exaggerated hypoxia-evoked increases in RSNA (7) . In these studies, chronic reduction of blood flow with vascular occluders resulted in increased AT 1 R expression and decreased neuronal nitric oxide synthase (nNOS) expression in the CB, a molecular phenotype that is similar to what has been previously observed in animal models of CHF (11, 26, 32, 37) . It is likely that the beneficial effects of EXT on chemoreflex sensitivity and by extension chemoreflex control of RBF are mediated by the intermittent increases in blood flow that occur during EXT. In support of this notion, numerous studies have shown that EXT prevents increases in AT 1 R expression and decreases in nNOS expression associated with CHF in the central nervous system (26, 37) , skeletal muscle (11) , and the carotid bodies (25, 37) . Further studies are needed to determine exactly how EXT normalizes CBC sensitivity. Limitations. These findings provide important insight into regulation of RBF in CHF and suggest that EXT may play an important role in mitigating some of the deleterious changes that occur in CBC control of RBF. There are a few important caveats that should be considered in interpreting these findings. First, in this set of studies, we used an experimental design in which EXT was performed during pacing to CHF. Exercise training in clinical populations is typically not initiated until after suffering a myocardial infarction or the development of heart failure, and thus direct comparisons between our findings and clinical populations are not possible. Future studies will address the potentially beneficial effects of EXT when initiated after the development of CHF.
Second, in this study we did not directly address the effects of preventing the reduction in resting and hypoxia-evoked RBF on renal function. Nonetheless, our work elucidates important mechanisms underlying changes in control of RBF and suggests that EXT has preventive and possibly therapeutic potential. Renal hypoperfusion, increased RSNA, and RAAS activation are all hypothesized to play important roles in the pathogenesis of cardio-renal syndrome, and our work has collectively shown that all of these parameters are improved with EXT. In addition, other investigators have shown that reductions in renal perfusion with chemoreflex activation result in alterations in kidney function, specifically a reduction in glomerular filtration rate, and alterations in sodium metabolism (9) . The extent to which interventions that alter chemoreflex sensitivity affect renal function in CHF is undetermined and requires further study.
Third, previous evidence indicates that EXT reduces chemoreflex-mediated RSNA (25) , and in this study we have shown that this is associated with attenuated reductions in RBF during chemoreflex activation. It is possible that the effect we observed is mediated in part by the effects of EXT on vascular function in the renal artery. Previous work shows that EXT enhances functional sympatholysis via nitric oxide-dependent mechanisms (18) , thus the blunted vasoconstrictor responses we observed in these studies may represent altered vascular responsiveness to sympathetic stimulation in addition to the reductions in RSNA previously observed with EXT (25) .
Summary
In this study we have shown that alterations in chemoreflex function contribute to reductions in resting RBF as well as exaggerated hypoxia-evoked vasoconstrictor responses, and that EXT prevents these potentially deleterious changes. Both renal denervation (16) and carotid body denervation (6, 27) have generated recent interest as potential therapeutic applications for treatment of autonomic dysfunction in heart failure. In addition to the mitigation of sympathetic overactivity, our results show that either of these procedures have the potential to reduce the impact of tonic and hypoxia-evoked carotid body activation on RBF. More importantly, we demonstrate that a noninvasive intervention, EXT, which prevents or attenuates changes in chemoreflex function, may help to mitigate some of the processes associated with development and progression of the cardio-renal syndrome.
